Abstract-Anionic polymerization of triphenylmethyl methacrylate (TrMA) was performed by using P-chiral bisphosphine initiators. According to the optical rotation analysis and circular dichroism (CD) measurements, the poly(TrMA) obtained by using the initiator (S,S)-1,2-ethanebis(t-butylmethylphosphineborane) exhibited one-handed helical conformation induced by the chirality of phosphorus atoms in the polymer terminal. The enantiomer (R,R)-1,2-ethanebis(t-butylmethylphosphineborane) gave the opposite one-handed helical poly(TrMA). Optically active bisphosphine (S,S)-1,2-ethanebis(methylphenylphosphineborane) was employed for the helix-sense-selective polymerization of TrMA in order to obtain the poly(TrMA) with the same helix sense as the polymer obtained from the initiator (S,S)-1,2-ethanebis(t-butylmethylphosphineborane). Further, removal of the coordinated boranes and complexation with platinum(II) on the chiral phosphorus atoms were carried out in order to yield the corresponding polymer-platinum(II) complex without loss of its chiral higher-ordered structure.
INTRODUCTION
In polymer chemistry, helical conformation of polymers and macromolecules, such as the double helix of DNA [1] and α-helix of natural polypeptides [2] , is the most characteristic chirality derived from a second-ordered structure. The helical structures have been extensively studied since they were discovered in the early 1950s [1] [2] [3] [4] [5] . The synthesis of optically active polymers and the construction of helical structures have attracted considerable attention due to their high functionality, molecular recognition, and potential application for asymmetric catalysis.
Optically active polymers have been prepared by the polymerization of a chiral monomer and the stereoselective polymerization of racemic or prochiral monomers by using specific chiral sources such as chiral initiators, catalysts, solvents, and ligands [6] [7] [8] [9] [10] [11] [12] [13] [14] . In addition, the helical induction and chiral amplification of optically inactive polymers by external stimuli or chiral additives have been investigated in detail [15] [16] [17] [18] [19] [20] [21] . Most of the chiralities of the optically active polymers have been attributed to chiral carbon atoms or chiral axes of binaphthyl structures.
However, thus far, heteroatom chirality has rarely been incorporated into the polymer main chain for the construction of optically active polymers [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] .
The phosphorus atom, similar to the carbon atom, can act as a chiral center because the inversion energy of tri-or pentavalent phosphorus compounds is generally much higher than that of the nitrogen analogues [36, 37] . The tri-and pentavalent phosphorus atoms are known to adopt the pyramidal structure, and thus, several P-chiral phosphine compounds have been reported so far [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] . Among such compounds, as an example of stable chiral phosphine compounds, (S,S)-1,2-ethanebis(t-butylmethylphosphineborane) (S,S)-1 [55] [56] [57] was reported by Imamoto and co-workers as a chiral ligand precursor for asymmetric hydrogenation reactions; this compound can be easily prepared with high enantiomer excess (ee > 99%). We have recently focused on (S,S)-1 as a building block for new phosphorus compounds, and we have synthesized optically active homo-oligomers of (S,S)-1 by means of a step-by-step oxidative coupling reaction of (S,S)-1 [58] [59] [60] . In addition, we have reported the copolymers [33] [34] [35] and dendrimers [61] containing the (S,S)-1 unit as a key component. The oligomers, copolymers, and dendrimers exhibited the chiral higher-ordered structure derived from the chirality of the phosphorus atoms in the main chain.
(Structures of (S,S)-1 and (S,S)-5)
In this research, triphenylmethyl methacrylate (TrMA) was polymerized by anionic polymerization using chiral phosphine compounds (S,S)-1 [55] and (S,S)-1,2-ethanebis(methylphenylphosphineborane) (S,S)-5 [62] as initiators in order to investigate the ability of the chiral phosphorus atoms as a driving force for induction of helical conformation. Chiral sulfur atom was employed for a chiral source of asymmetirc polymerization of unsaturated monomers such as 1,3-pentadiene [63] ; however, there have been no report on chiral phosphorus atom-induced asymmetric polymerization. Poly(TrMA) is known to form a nearly complete isotactic configuration and one-handed helical conformation, which are stabilized by the steric repulsion of the bulky groups [6, 7, [64] [65] [66] [67] [68] . Such a one-handed helical conformation is achieved by using (-)-sparteine as a chiral ligand of lithium species. Chiral anionic initiator, lithium (R)-N-(1-phenylethyl)anilide, was also reported to be utilized to obtain one-handed helical poly(TrMA) [65] . Additionally, in the present study, the complexation behavior of the obtained poly(TrMA) with platinum(II) was observed by utilizing the coordination ability of phosphorus atoms at the initiation point.
RESULTS AND DISCUSSION

Synthesis and Characterization of the Monomers and Polymers 2-4.
P-Chiral bisphosphines (S,S)-1,2-ethanebis(t-butylmethylphosphineborane) (S,S)-1 can be synthesized by the oxidative homocoupling reaction of t-butyldimethylphosphineborane by utilizing (-)-sparteine with high enantiomer excess (ee > 99%) [55] . However, optically active bisphosphine (R,R)-1, which is the enantiomer of (S,S)-1, cannot be synthesized by the procedure used for (S,S)-1 because (+)-sparteine is not readily available [69] . Therefore, (R,R)-1 was synthesized by employing another strategy reported in the literature [70] . In order to study the influence of the P-chirality on the higher-ordered structure of the polymers, optically inactive bisphosphine 1′ was prepared by the treatment of t-butyldimethylphosphineborane without (-)-sparteine, as shown in Scheme 1 [60] . Thus, bisphosphine 1′ was obtained as a mixture of It is known that poly(TrMA) can be converted to poly(MMA) by a polymer reaction. In order to calculate a more accurate molecular weight as well as to examine tacticity (vide infra), polymer 2c was reacted with MeOH followed by the treatment with trimethylsilyldiazomethane (TMS-CHN 2 ) to obtain the corresponding poly(MMA). The molecular weight was calculated to be M n = 1400 (M w /M n = 1.2) relative to the standard poly(MMA), indicating DP = 11.5. In the 1 H NMR spectrum in CDCl 3 at room temperature, signal at 1.21 ppm and signals at 1.52 ppm and 2.14 ppm were assignable to methyl and methylenes of the meso sequence, respectively.
Peaks derived from the racemo sequence and meso-racemo-mixed chains were not observed at 1.52-2.14 ppm. This results in the formation of the isotactic polymer in the present system.
Studies on Chiral Structures of Polymers 2-4.
Polymers 2a with the stable one-handed helical structure by ligand-and initiator-controlled anionic polymerization [6, 7, 64, 67] . Therefore, the results suggest that polymers 2a-c form the one-handed helical structure induced by chiral phosphorus atoms at the initiation point. The screw sense of polymers 2a-c was the same as that of polymers initiated by 9-fluorenyllithium or n-BuLi with (-)-sparteine according to the same positive specific rotation [6, 7, 64] . +262 for DP = 42 [64] . This is due to not only the shorter chain length of 2a-c, but also that the initiator-controlled polymerization of TrMA proceeds with lower helix-sense selectivity as compared to the ligand-controlled polymerization [62, 71, 72] . On the other hand, polymer 3 synthesized from the enantiomer (R,R)-1 exhibited a negative specific rotation of [α] D 25 -74.8
(DP = 14, c 0.5, THF); this indicates that the opposite helix sense was induced ( Table 1, 
Synthesis and Chiral Structures of Polymer 6.
In order to achieve easy removal of coordinated boranes of the bisphosphine unit, chiral bisphosphine (S,S)-1,2-ethanebis(methylphenylphosphineborane) (S,S)-5 possessing phenyl groups instead of tert-butyl groups was synthesized according to the procedure provided in the litterature [62] with minor modifications (Scheme 3) [74] . Although the 98% ee of (S,S)-5 was reported in the literature [62] , the ee of (S,S)-5 could be enhanced up to almost 100% by repeated recrystallization (three or four times) from toluene/hexane [74] . The crystallization process 
(DP = 7 estimated from poly(TrMA) using polystyrene standards; DP = 8 derived from poly(MMA) using poly(MMA) standards) was +57.2 ( Table 2 , run 3), whereas that of polymer 2b (M n = 2700, DP = 15) was +109.6 (Table 1 , run 2). The specific rotations did not increase with the DP, and those of polymers 6b-d were similar (Table 2 , runs 2-3). The bulky tert-butyl group of (S,S)-1 is more effective for the helix-sense-selective polymerization of TrMA as compared to the phenyl group of (S,S)-5. According to the 1 H NMR spectrum of poly(MMA) 6c prepared from poly(TrMA) 6c, signals of the atactic polymer in addition to those of the isotactic polymer chain were observed. The chiral bisphosphine unit at the polymer chain end affects the chirality of the polymer besides the total helix sense [7] .
(Schemes 3 and 4)
( Table 2) The CD spectrum of polymer 6d is shown in Figure 4 , which includes the CD spectra of 
Complexation Behavior of Polymer 6.
A coordinated borane on a trialkylphosphine compound can be removed by a strong acid and successive treatment with aqueous inorganic base [55, 75, 76] , and the borane on aryl-substituted phosphine can be readily removed under milder conditions by organic bases such as diethylamine, pyrrolidine, and 1,4-diazabicyclo[2.2.2]octane (DABCO) [77] . As shown in Scheme 5, the deprotection of polymer 6d and the successive coordination reaction with platinum(II) were carried out. The GPC curves of polymers 6d and 8d indicate that decomposition of the TrMA main chain did not occur during the removal of boranes and the complexation reactions ( Figure 6 ). A slight shift in the GPC curve of polymer 8d was observed, and the M n and PDI of polymer 8d
were found to be 3000 and 1.3, respectively. This is due to the prohibition of the rotary motion of the bisphosphine unit by the complexation (Figure 6 ). The CD spectra and specific rotations [α] D 25 of 6 was smaller than that of 2, thereby indicating that the bulky tert-butyl group of (S,S)-1 is more effective for the helix-sense-selective polymerization of TrMA as compared to the phenyl group of (S,S)-5. The deprotection of 6d and complexation with platinum on the chiral phosphorus atoms at the initiation point were also achieved to obtain the corresponding polymer complex 8d without loss of the chiral higher-ordered structure.
EXPERIMENTAL SECTION
General.
1 H (400 MHz) and 13 C (100 MHz) NMR spectra were recorded on a JEOL EX400 spectrometer, and samples were analyzed in CDCl 3 using tetramethylsilane as an internal standard. 31 P (161.9 MHz) NMR spectra were also recorded on a JEOL EX400 spectrometer, and samples were analyzed in CDCl 3 
Materials.
Tetrahydrofuran (THF) and diethyl ether (Et 2 O) were purchased and purified by passage through purification column under Ar pressure [78] . 
(S,S)-1,2-Ethanebis(methylphenylphosphineborane) (S,S)-5.
This compound was prepared according to the procedure of Evans and coworkers [62] , and CuCl 2 was employed instead of Cu(OPiv) 2 . Enantiomerically pure (S,S)-5 was obtained by repeat recrystallizations (at least four times) from toluene/hexane in 17% isolated yield with high enantiomer excess (ee > 99%), which was monitored by the chiral HPLC as shown in Figure 7 [73].
[α] D 21 +35.7 (c 0.5, THF). Spectral data were matched with the literature values [62] .
Synthesis of polymers 2-4 and 6.
A 6a 70%, 6b 74%, 6c 54%, and 6d 51% yield. 
